Background--Herein, we report an in vivo study of a biodegradable flow diverter (BDFD) for aneurysm occlusion. Conceptually, BDFDs induce a temporal flow-diverting effect and provide a vascular scaffold for neointimal formation at the neck of the aneurysm until occlusion. This offers several potential advantages, including a reduced risk of remote ischemic complications and more treatment options in case of device failure to occlude the aneurysm.
T he use of biodegradable vascular scaffolds has already been introduced in the field of interventional cardiology for the treatment of coronary artery disease in clinical settings. These scaffolds may potentially overcome the drawbacks of permanent coronary stents, such as late-stent thrombosis, late in-stent stenosis, and pathophysiological changes in the vessel wall caused by metallic caging of the artery. 1 However, the first-generation coronary biodegradable scaffolds were associated with a higher thrombosis rate compared with the standard drug-eluting stents, which is likely attributable to the large strut thickness. 2, 3 In the field of interventional neuroradiology, biodegradable polymers have been used in some detachable coils for aneurysm occlusion to enhance therapeutic efficacy. For example, poly (lactic-co-glycolic acid) has been used in the Matrix coil detachable system (Stryker, Minneapolis, MN), and poly (glycolic acid) has been used in the Cerecyte coil (DePuy Synthes, Raynham, MA). Polymer degradation was shown to increase tissue regeneration and cell proliferation response within the aneurysm sac, which is expected to decrease the aneurysm recanalization rate. 4, 5 Although some animal studies investigated the combined use of biodegradable polymers with metallic stents for intracranial use, no study investigated a device that fundamentally consisted of biodegradable materials intended for intracranial use. [6] [7] [8] Herein, we present the concept of a biodegradable flow diverter (BDFD), which provides a transient vascular scaffold for neointimal formation and induces a flow-diverting effect at the aneurysm neck. After the healing period, the degradation of the BDFD leaves the vessel with a healthy endothelium and normal vasomotion and renders it devoid of caging.
The BDFD has several potential advantages against the metallic flow diverter (FD). Because the FD requires a high metal coverage rate for aneurysm occlusion, it is associated with a relatively high risk of ischemic complications. Remote ischemic events may occur >1 year after device placement. [9] [10] [11] Dual-antiplatelet therapy with aspirin and clopidogrel for 6 months after implantation is generally used to prevent late ischemic events, in return for the increased risk of hemorrhagic complications. The absence of residual foreign materials theoretically reduces the risk of late-stent thrombosis and in-stent stenosis; this may reduce the risk of remote ischemic complications. Besides, BDFDs will be more appropriate for pediatric patients and patients allergic to metals; in the event of treatment failure, there will be more options for salvage therapy after the BDFD absorption.
However, there are some concerns pertaining to biodegradable stent use in cerebral vessels. During degradation, biodegradable materials tend to induce a mild but persistent inflammatory response around the strut. 12, 13 Whether the inflammation and consequent cell proliferation response during degradation are tolerable needs to be studied. In addition, because biodegradable polymers gradually lose their mechanical strength, the device may get deformed and fragmented during degradation.
Herein, we report a preclinical study of a BDFD for aneurysm treatment. Because this device is still in its early stage of development, we have focused on its feasibility, especially the biological response and morphometric changes in the parent vessel.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
BDFD Design
A high-molecular-weight poly-L-lactic acid polymer (weightaverage molecular weight [Mw]=185 000 g/mol) was prepared. This polymer was processed into a thin fiber using a melt-spinning method until the strut thickness became 40 to 45 lm. Then, the poly-L-lactic acid fibers were woven into a braided structure composed of 48 fibers ( Figure 1A and B ). Annealing was performed by heating at 120°C for 2 hours. Three radiopaque gold markers were attached at both ends of the device. The designed size of the BDFD was 4.0910, 4.0912, and 4.0915 mm. The BDFD was mounted onto a delivery system compatible with the 6F guiding catheter, and then the system was navigated to the vascular site with a 0.014-in guidewire. The BDFD was then pushed out from the delivery system with a delivery wire. Similar to the metallic braided stents, the BDFD undergoes self-expansion during deployment; however, it is not complete for its designed size. Routine angioplasty was performed after the deployment. The device is designed for degradation, except for the gold markers at both ends.
In Vitro Accelerated Degradation Test
To investigate the in vitro degradation, 10 samples of BDFD were placed in phosphate buffered saline (pH=7.4AE0.2) at 70AE1°C. On days 0, 3, 7, 10, 12, 14, 21, 28, 35, and 42, one sample was removed from the buffer, rinsed with distilled water, vacuum dried, and weighed. Then, each sample was subjected to gel permeation chromatography and differential scanning calorimetry.
The number-average molecular weight and Mw were measured using gel permeation chromatography. Gel permeation chromatography was performed at 40°C using a Shimadzu analyzer system. A Tosoh TSKgel SuperHZM-N column was used with chloroform as the eluent at a flow rate of 0.25 mL/min (Tosoh, Tokyo, Japan). A sample was injected at a concentration of 2.0 mg/mL. Polystyrene standards were used as the reference.
For the differential scanning calorimetry analysis, 2-mg samples were placed in sealed aluminum pans. The glass transition temperature, melting point of the fibers, and crystallinity were determined by increasing the temperature from 25°C to 220°C at 10°C/min using a thermoregulated differential scanning calorimeter (Bruker AXS, Billerica, MA).
In Vitro Real-Time Degradation Test
Twenty-four samples of the same polymer were placed in phosphate buffered saline (pH=7.4AE0.2) at 37AE1°C. On days 28 (n= 4), 91 (n=4), 182 (n=6), 273 (n=4), 364 (n=4), and 553 (n=2), number-average molecular weight and Mw were measured using gel permeation chromatography, similar to the accelerated degradation test.
Clinical Perspective
What Is New?
• We have introduced the treatment device concept of the "biodegradable flow diverters" for the cerebral aneurysms, which induce a temporal flow-diverting effect and provide a vascular scaffold for neointimal formation at the neck of the aneurysm until occlusion. • The in vivo assessment showed that aneurysm occlusion is possible with these devices and displayed a certain feasibility of the device, especially on the preservation of the branching vessel and the extent of neointima formation.
What Are the Clinical Implications?
• Although they are in their initial stage of development, biodegradable flow diverters have potential to be a therapeutic option for cerebral aneurysms in the future.
In Vivo Study Design and Animal Experiment
All experimental protocols were approved by the institutional animal care committee. Elastase-induced aneurysms were created in 18 female New Zealand white rabbits (weight, 2.6-3.0 kg). 14 Anesthesia was induced using an intravenous injection of pentobarbital and was maintained with 1% to 2% isoflurane throughout the procedure. Aneurysms were allowed to mature for at least 21 days before BDFD placement because the aneurysm is reported to mature 2 weeks after aneurysm creation. 14 Animals were treated with aspirin (30 mg) for 5 days before BDFD placement. Through a right transfemoral approach, a 6F guiding catheter was placed into the right innominate artery. Subsequently, a microcatheter with a 0.014-in microguidewire was navigated into the subclavian artery distal to the aneurysm neck. The BDFD delivery system was advanced over the microguidewire using the exchange method. The wire was then removed, and BDFD was deployed across the aneurysm neck using a push-pull maneuver. After the deployment, balloon angioplasty with a 2.5-to 3.5-mm compliant balloon was performed within BDFD to achieve complete wall apposition of the device.
An additional BDFD was placed in the abdominal aorta across the origin of the lumbar artery using the same procedure. Subsequently, the guiding catheter and sheath were removed and the femoral artery was ligated and allowed to recover. The lumbar artery was used to assess the preservation capability of the intracranial stent with the small branching artery. [15] [16] [17] [18] Each animal was randomly allocated to the one of the specific time-point groups for the follow-up investigation: 1 month (n=5), 3 months (n=5), 6 months (n=5), and 1 year (n=3) after BDFD placement ( Figure 2 ). After the procedure, antiplatelet therapy with aspirin (30 mg) was continued throughout the study duration.
Angiographic Analysis
After the observation period, follow-up angiography was performed and aneurysm occlusion was assessed using a 3point scale (complete occlusion, neck remnant, and dome filling). The patency of the branch arteries covered by the device (including the left common carotid artery, right vertebral artery, and lumbar artery) was assessed using a binary scale (patent/occluded). To assess the downstream embolization, any occlusion or thrombus formation at the downstream arteries of the aneurysm, including the distal portion of the subclavian artery, internal mammary artery, brachial artery, and its small branches, was evaluated.
Optical Coherence Tomography
Optical coherence tomography (OCT) was performed using a commercially available frequency-domain OCT system (Lunawave; Terumo, Tokyo, Japan). Quantitative analyses were performed at 1-mm intervals within the device, which was defined as the region between the metallic radiopaque markers. Neointimal thickness was defined as the distance from the center of each strut to the luminal border. Quantitative area measurements in orthogonal angles were performed. The luminal and scaffold areas were drawn by a manual tracing method for each slice. The neointimal area was estimated as the scaffold area minus the luminal area. Luminal area stenosis was calculated by dividing the luminal area by the scaffold area.
The appearance of the strut at each time point was visually assessed. Morphometric measurements were performed using the following equations:
Neointimal area ¼ scaffold area À luminal area;
Luminal area stenosis ¼ 100 À ðluminal area=scaffold areaÞ Â 100:
Qualitative assessment was also performed at 1-mm intervals within the device for the presence of any mass protruding into the lumen, which reportedly is the sign of thrombosis formation at the luminal surface. 19 The thrombus within the aneurysm dome was excluded for this analysis. Red thrombus was defined by a protruding mass with high backscattering and attenuation, and white thrombus was defined by homogeneous backscattering and low attenuation, according to previous reports. 19 Thrombus formation was assessed using the following equation:
Percentage thrombus formation ¼ ðnumber of thrombus positive sections =number of all sectionsÞ Â 100:
Tissue Processing
After follow-up angiography and OCT, the animals were euthanized with a lethal dose of sodium pentobarbital and flushed with saline and 4% paraformaldehyde in phosphate buffered saline. Both the right subclavian artery and abdominal aorta were separately resected en bloc and placed directly in 4% paraformaldehyde in phosphate buffered saline solution for fixation. After overnight fixation, the samples were embedded in paraffin. Axial sections were prepared from the proximal, mid, and distal portions of the scaffold segment. For the subclavian artery, the midportion was set as the aneurysm site. A normal vessel was used as the control. The samples were cut axially at 5 lm using a low-speed saw.
Histopathological Analysis
Each sample was stained with hematoxylin and eosin and elastica-van Gieson stains. The tissues within the aneurysm dome were categorized as unorganized thrombus, organized thrombus, and collagenized connective tissue. 15 The vessel injury score was calculated using the Schwartz method. 20 This score has been used to assess vessel injury with the metallic FD. 15, 16 Calculations were performed using the following equation:
Mean injury score ¼ sum of injury scores for each strutr =number of struts:
All samples were immunostained by overnight incubation with primary antibodies against CD31 (1:20; Dako, Carpinteria, CA), CD34 (1:500; GeneTex, Irvine, CA), smooth muscle actin (1:100; Novus, Centennial, CO), CD68 (1:100; Abcam, Cambridge, UK), and Ki-67 (1:100; Dako) at 4°C. Specific binding was visualized using a secondary antibody: Alexa 488 and 594 (Thermo Fisher Scientific, Waltham, MD). ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole (Thermo Fisher Scientific) was used as a nuclear counterstain. All images were obtained using a fluorescence microscope (BZ-X800; Keyence, Osaka, Japan). Whole slide imaging was performed for image analysis. All parts of the specimen were sequentially imaged at 920 magnification; subsequently, the images were merged. After taking an image of the complete slide, the number of CD68-and Ki-67-positive cells within the neointima was counted. The extent of reendothelialization was defined as the percentage of the luminal circumference covered by CD31positive cells after manual tracing. All imaging analyses were performed using a BZ-X800 analyzer (Keyence). The following equations were used for immunohistochemical analysis:
Inflammation of the neointima ¼ number of CD68-positive cells within the neointima;
Neointimal cellular proliferation ¼ number of Ki67-positive cells within the neointima;
Re-endothelialization ¼ ðcircumference of the CD31-positive portion of the lumenÞ= ðtotal luminal circumferenceÞ Â 100:
Scanning Electron Microscopy
After follow-up angiography and OCT, one subject per each time point was used for scanning electron microscopy. The subject was first deeply anesthetized and then pressure perfused with saline, followed by a fixative solution of 4% paraformaldehyde.
The samples were then harvested and fixed with 4% paraformaldehyde and 2% glutaraldehyde at 4°C overnight. After fixation, the arteries were incised at the long-axis direction of the vessel and gently opened to expose the aneurysm neck and the ostium of the lumbar artery. After fixation with 1% OsO 4 for 2 hours, the specimens were dehydrated, dried, and coated with a thin layer of platinum palladium. The specimens were then examined using a Hitachi S-4700 scanning electron microscope (Hitachi, Tokyo, Japan). Neointimal formation on the luminal surface, patency of the branching arteries, and occurrence of strut fragmentation were examined.
Statistical Analysis
Continuous variables are expressed as the meanAESD or median with interquartile range, depending on the distribution of the variable. The normality of distribution was assessed using a quantile-quantile plot and Shapiro-Wilk test.
Comparisons of the results of angiography, OCT, and histological examination over time were performed using a linear mixed effect model that evaluates the effect of time. Although the same animal was not evaluated at different time points, multiple short-axis measurements from the arterial segment were obtained with the OCT and histological analyses. Because a repeated assessment was performed for these analyses, the animal was specified as a random effect to account for the effects that individual animals might have on the results. When the distribution of the results was different from the normal distribution, the logarithm of the data was used. According to the relatively small sample size at each time point, the whole group was divided into 2 groups: the 1-to 3-month group was compared with the 6-to 12month group. Two-sided P values of <0.05 were considered statistically significant and expressed at 2 significance levels. All statistical analyses were performed using R statistical software (version 3.0.2) and SAS (version 9.4).
Results
All experimental procedures were successfully performed. After the experiment, one animal allocated to the 6-month follow-up group died because of a severe wound infection and was excluded from the analysis.
Polymer Degradation
The results are summarized in Figure 1 . The initial Mw of the polymer was 185 000 g/mol. On real-time degradation analysis, we found a decrease in Mw of 15% at 91 days (3 months), 45% at 273 days (9 months), 83% at 364 days (1 year), and 95% at 553 days (1.5 years) ( Figure 1D ).
On accelerated degradation analysis, Mw decreased by 81% at 28 days and by 95% at 35 days. According to the differential scanning calorimetry analysis, the melting point decreased in accordance with the change in Mw: 187.5°C at 3 days, 183.4°C at 14 days, and 161.2°C at 42 days. Crystallinity was consistent throughout degradation: 74.2% at 3 days, 75.2% at 14 days, and 74.3% at 42 days ( Figure 1C ).
Angiographic Outcomes
The results are summarized in the Table and Figure 3 . The location of the device was determined by the gold markers at both ends. The mean diameter of the parent artery was 2.9AE0.5 mm. Aneurysm occlusion rates were 0% (0/5) at 1 month, 20% (1/5) at 3 months, 50% (2/4) at 6 months, and 33% (1/3) at 1 year. All branching arteries (4 left common carotid arteries, 3 vertebral arteries, and 17 lumbar arteries) were found patent at all time points (24/24, 100%). There was no downstream arterial occlusion or thrombus formation at the downstream arteries of the aneurysm.
OCT Outcomes
The results are summarized in Figure 4 . The location of BDFD was determined by the gold markers at both ends in all cases. Neointimal thickness was 70 lm (IQR, 60-90 lm) at 1 month, 90 lm (IQR, 60-120 lm) at 3 months, 80 lm (IQR, 60-100 lm) at 6 months, and 60 lm (IQR, 40-80 lm) at 1 year after BDFD placement. The luminal area stenosis was 13.4% (IQR, 11.2%-16.3%) at 1 month, 16.1% (IQR, 13.1%-19.0%) at 3 months, 11.8% (IQR, 10.3%-13.5%) at 6 months, and 11.4% (IQR, 10.2%-13.3%) at 1 year. The luminal area stenosis was significantly smaller for the 6-to 12-month group than the 1-to 3-month group (P=0.01). Because of the little strut thickness, no visible changes in the strut's appearance attributable to polymer degradation were apparent throughout the study. The percentage thrombus formation was 1.9%, 1.8%, 0.0%, and 0.0% at 1, 3, and 6 months and 1 year, respectively. All detected thrombi were relatively small white thrombi, and there was no thrombus at the ostia of the branching vessel.
Histopathological Outcomes
Among the occluded aneurysms, 1 was filled with a fresh thrombus, and the other 2 were filled with a fresh thrombus and organized tissue (Figure 3 ). The remaining 1 was used for scanning electron microscopy analysis and was not subjected to histological examination. The mean vessel injury scores were 0.09AE0.20 at 1 month, 0.05AE0.10 at 3 months, 0.09AE0.19 at 6 months, and 0.03AE0.05 at 1 year after BDFD placement; there was no significant difference between the 1-to 3-month and the 6-to 12-month groups in this respect (P=0.93).
The mean number of CD68-positive cells within the neointima was 31.5 (IQR, 8.25-78.75) at 1 month, 41.0 (IQR, 13.6-72.5) at 3 months, 22.5 (IQR, 14.7-58.2) at 6 months, and 9.5 (IQR, 6.25-20.5) at 1 year. Although the inflammatory response seemed to decrease over time after BDFD placement, there was no statistically significant difference between the 1-to 3-month and the 6-to 12-month groups (P=0.24). The number of Ki-67-positive cells within the neointima was 127.5 (IQR, 65.0-328) at 1 month, 86.5 (IQR, 43.2-273.2) at 3 months, 30.0 (IQR, 12.5-139.5) at 6 months, and 27.0 (IQR, 10-69.7) at 1 year. Cell proliferation decreased from the 1-to 3-month group to the 6-to 12month group (P=0.03). The extent of neointimal reendothelialization was 63.0% (IQR, 43.5%-78.3%) at 1 month, 61.1% year. There was no significant difference in reendothelialization extent between the 1-to 3-month and the 6-to 12-month groups (P=0.45). No CD34-positive cells were observed throughout the experimental period. Immunohistochemistry results are summarized in Figure 5 . All branching arteries covered by BDFD were patent, including the left common carotid, vertebral, and lumbar arteries. No thrombus formed at the branching vessels and at the struts covering the branches. The struts covering these arteries were already surrounded by the neointima tissue at 1 month and made multiple tissue islands. At 1 to 3 months, several macrophages were detected around the struts, and these became rare after 6 months.
The neointima tissue consisted mainly of smooth muscle actin-positive myointimal cells, fibroblasts, and extracellular matrix with elastic and collagen fibers. In addition, the surface of the neointima was covered by the CD31-positive endothelial cells, although the reendothelialization was not complete. At 1 to 3 months, the CD68-positive macrophages surrounded the struts and became rare thereafter. There was no eosinophil infiltration or foreign body giant cell within the neointima. Although the myointimal cell layer seemed to not change, the fibroblasts gradually decreased, leaving the collagen fibers.
Scanning Electron Microscopy Findings
The appearance of the internal surface is shown in Figure 6 . At 1 month, most struts were covered by the neointima. In addition, several scattered thrombi were observed on the surface. The thrombi became discreet and gradually reduced over time. We found no apparent strut fracture or fragmentation at the aneurysm ostia and branching vessels.
Discussion
To our knowledge, we have reported a device that represents the concept of a BDFD for the first time. Although it is in the early stages of development, the BDFD targets the cerebral aneurysms with anterior circulation, especially the internal carotid artery aneurysms.
In this study, the BDFD almost completely degraded, except for the radiopaque markers at both ends of the device. According to the in vitro degradation test, the BDFD completely degrades at 1.5 years. Because the biodegradable polymer displays similar degradation behavior in vivo and in vitro, it is assumed that the BDFD will completely degrade at 1.5 years in vivo. 21 We chose poly-L-lactic acid as the device material because of its biocompatibility, comparatively higher strength and stiffness, and slower absorption rate compared with other polymers. 22 Because of these desirable features, poly-L-lactic acid is the most commonly used platform for biodegradable scaffolds.
The main difference between our device and the currently used coronary biodegradable scaffolds is the strut thickness; although our device had a strut thickness of 40 lm, most coronary biodegradable scaffolds have a strut thickness of >100 lm. We could reduce the strut thickness because a much less radial force is required for intracranial aneurysms compared with the coronary biodegradable scaffold. 23 This is important because the current coronary biodegradable scaffolds failed to match the clinical results of standard metallic stents because of the higher thrombosis rate attributable to the greater strut thickness. 2, 3 Although we avoided potential problems associated with excessive strut thickness, there were several concerns during the polymer-based FD development. In a previous coronary intervention study, biodegradable polymeric stents induced more prominent neointimal formation and a greater inflammatory response than metallic stents did, which persisted for A B C Figure 5 . Histopathological analysis of the biological response after biodegradable flow diverter placement. Each dot represents the data per each slide. A, No significant difference was observed in reendothelialization at various time points. B, Although the inflammatory response seemed to decrease over time, the difference was not statistically significant (P=0.24). C, Cell proliferation at 1 to 3 months after implantation is greater than that at 6 to 12 months after implantation (linear mixed effect model). The box plots show the median, the quartiles, and the range (bar=200 lm). DAPI indicates 4',6diamidino-2-phenylindole; a-SMA, a-smooth muscle actin. *P<0.05.
>3 years. 24 The present study focused on investigating the feasibility of this device.
The vessel morphological characteristics were assessed mainly using OCT. Contrary to our apprehensions, morphological results after device placement were similar to those achieved with a standard FD. Kallmes et al 15, 16 performed animal experiments with firstand second-generation pipeline embolization devices. The reported injury score was 0.0 to 0.3, the neointima thickness was 100 to 200 lm, and the area stenosis was 8% to 20%. Our results are within the range of their results. In addition, similar temporal morphological changes of the neointima were observed in that the neointima formation peaked after 3 months. 15 Although this study was performed under single antiplatelet therapy, thrombus formation at the BDFD surface was rare, and no thrombus was detected after 6 months. Matsuda et al 19 reported that the metallic FD (Pipeline Flex) under single antiplatelet therapy displayed extensive thrombus formation at 7 days after device placement. Conversely, Marosfoi et al 25 reported no significant difference in the degree of acute thrombus formation between single or dual antiplatelet therapy, but there was a significant difference between the standard FD and the FD with phosphorylcholine coating. To the best of our knowledge, there is no report on thrombus formation with metallic FDs at the late time period, and direct comparison is required to assess whether there is a difference between metallic FDs and those with biodegradable polymers.
The biological response of the vessel wall was assessed using histological analyses. On the basis of the immunohistochemical analysis of Ki-67, although the implantation of the device induced some neointimal proliferation at 1 to 3 months, these responses attenuated after 6 months. This result was compatible with the OCT findings, which showed that lumen area stenosis decreased after 6 months. On the other hand, the number of CD68-positive cells was not significantly different from 1 to 3 months to 6 to 12 months, although there was a slight tendency to decrease. There are several studies that suggest a mild but persistent inflammatory response around the strut of the biodegradable vascular scaffold during degradation. 12, 13, 24 Because we did not perform a direct comparison with a metallic FD, we were unable to estimate the degree of the inflammatory responses of this device as excessive or not. But we were able to surmise that the persistent inflammation of the device did not result in the excessive neointima proliferation. The neointima tissue consisted mainly of myointima cells (smooth muscle cells) and extracellular matrix, covered by endothelial cells. These histological findings until 1 year were consistent with those of previous reports on the biodegradable scaffold in the cardiovascular literature. 26 Kadirvel et al 27 reported the histological findings after metallic FD placement and found that the neointima consisted mainly of smooth muscle actinpositive smooth muscle cells and the CD31-positive cells covering them. They also reported that the macrophages and monocytes were found at the struts covering the aneurysm neck. Apart from the morphological and biological response, the major concern of the BDFD is the poor visibility under fluoroscope: only the 3 radiopaque markers at both ends are visible. Because the entire scaffold must be well opposed to the vessel wall, we performed angioplasty in every case to ensure wall apposition in this study. 28 To improve the radiopacity, the easiest way is to use the currently used biocompatible radiopaque wires, such as platinum-tungsten wires; in return, this will reduce the merit of the BDFD. Adding radiopaque compounds to the biodegradable polymer is another way, such as the Fantom Bioresorbable scaffold, which combined iodine and tyrosine-based polymer (REVA Medical, CA). Some sort of device improvement is strongly required in this aspect.
Finally, with respect to device performance, we found the occlusion rate at 6 months to be only 50%, which is lower than that previously reported with FDs (81%-99% at 6 months). 29 One reason for the low rate is that the device often displayed a relatively eccentric strut distribution after deployment, especially at the curved segment. The uneven distribution of the struts may have hindered the extension of the neointimal tissue at the aneurysm neck. Indeed, the device tested in this study was a first-generation prototype, and the scaffold design has since been modified with a designated 48-wire braider to improve strut distribution. Experiments are currently testing the efficacy of the newer prototype that exhibits a more even strut distribution. Apart from the device design, there is concern for aneurysm recanalization because the occlusion rate decreased by 50% at 6 months and by 33% at 1 year. Although this decline is merely caused by the relatively small sample size of this study, there is the possible mechanism of aneurysm recanalization inherent to BDFD. During the degradation process, BDFD gradually loses its mechanical strength. When the aneurysm is not completely occluded, this mechanical BDFD weakening can cause device deformation and fracture. Although we did not find any evidence of device fracture by OCT and histology, there remained the possibility of minor device deformation, such as minor strut movement or bending caused by the pulsatile blood flow. Because the tight mesh of the strut (low porosity and high pore density with even distribution) is reported to be an important factor for aneurysm occlusion, these possible minor BDFD deformations at the aneurysm neck can cause aneurysm recanalization, even if the device is not fractured. 30 In clinical study, although >80% of aneurysms treated by FD achieve complete occlusion at 1 year, some aneurysms do occlude between 1 and 3 years. 10 If the aneurysm does not occlude at 1.5 years after BDFD placement, the aneurysm will have a high risk of recanalization and the risk of distal embolization of the thrombus formed within the dome of the aneurysm. These situations should be well investigated with preclinical studies, and the required duration of degradation with the weakening of the mechanical strength in mind must be well investigated.
Limitations
There are several limitations in this study. First, we did not set up a control group of untreated aneurysms or aneurysms treated with a permanent metallic FD. Untreated aneurysms were not assessed because the long-term patency of the elastase-induced rabbit aneurysm model has been previously established. 31 We did not include the current standard FD as a control because this device is a first-generation prototype and our primary focus was to assess device feasibility for the initial stage of development.
Second, although all branching arteries, including the carotid, vertebral, and lumbar arteries, were preserved in this study, concerns remain about the preservation of the intracranial perforating vessels. The median lumbar artery diameter was 248 lm in this study (IQR, 191-506 lm), and it was different from the intracranial perforating artery diameter, which reportedly ranges from 50 to 840 lm. 32 The preservation capability of the small arteries (<150 lm) was not tested in this study.
Third, the device requires improvements in several aspects. The tendency of eccentric strut distribution has already been resolved in our subsequent prototype, and we intend to assess the device's performance in another in vivo experiment. The radiopacity of the device is another important aspect, as discussed above, and we are investigating combination of biodegradable polymer and radiopaque materials.
Fourth, there is an undesirable mechanical behavior peculiar to polymeric materials, which was not mentioned in this study. Polymeric materials are frailer and more vulnerable to creep deformation than metals; this may cause a problem when the device is mounted on a narrow delivery system for a prolonged period. The self-expanding capacity decreases over time. 33 Fifth, the full degradation period of BDFD was assessed only by the in vitro test. Although the degradation process is based mainly on the nonenzymatic hydrolysis in vivo and in vitro, the flow dynamics, mechanical stress from the vessel wall, and change in pH within the microenvironment also influence the degradation process. 34 The true degradation period should be evaluated with an in vivo model.
Last, although there was no evidence of device fragmentation and downstream arterial occlusion or thromboembolism, the tissue of the downstream territory was not assessed histologically for the microembolism. Fracture and fragmentation may occur later because of device weakening attributable to biodegradation. There is a possibility of aneurysm recanalization along with device deformation and fracture, as discussed above; in addition, the fragmented element may cause cerebral infarction. These phenomena should be examined in preclinical studies with longer follow-ups.
Summary
This pilot study supports the concept of BDFDs for the treatment of saccular aneurysms. The analysis performed at the 1-year follow-up indicates device feasibility, especially of the morphological aspects. On the other hand, the inflammation response peculiar to the biodegradable scaffold should be further investigated. Our results also indicate the need to improve the device's design in several aspects, especially to increase the aneurysm occlusion capacity. The inherent risks associated with using biodegradable scaffolds were not fully elucidated in this study.
